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moleculearepresented.We show that � i � periodically
arranged� sodiumcounterionsin closeproximity to dry DNA give riseto a conductionchannel,andaperiodicity
in the counterionsequencecan lead to a significantreductionin conduction, � ii � modificationof the rise of
B
�

-DNA inducesa changein thewidth of thetransmissionwindow, and � iii� � specifically� designedsequencesare
predicted to showintrinsic resonanttunnelingbehavior.
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The
�

growinginterestin DNA for nanotechnologyandmo-
leculardevicesstemsfrom theability of controlledgrowthof
nucleotidesequencesand its surprisingconductingproper-
ties.
�

Recenttransportmeasurementson DNA strandslying
between
 

metallic electrodeshaveproducedcontradictoryre-
sults.! Fink andSchönenberger1 observed" metallicbehaviorin#

-DNA using an electronprojectionmicroscopesetup,Ka-
sumov! et$ al.2 observed" superconductingbehavior, Porath
et$ al.3

%
observed" semiconductingbehaviorwith a well-defined

poly& ' G( ) -poly* C + DNA
,

molecule,and de Pablo et$ al.4 ob-"
served! insulating behavior using a scanningforce micro-
scope! basedsetup.Biochemistshaveestablisheda link be-
tween
�

oxidative damageof DNA due to hole transportand
the
�

occurrenceof geneticmutations.It hasalsobeenshown
that
�

oxidative damage is sequencedependent.5
-

Experi-
ments6,7

.
and� modeling8,9 haveshown that both short-range

coherent/ tunneling transport and long-range incoherent/
hopping
0

transport8–10 are� mechanismsfor hole transport.
Char
�

ge transportin DNA is a complexphenomenonbe-
cause/ theenvironmentof theDNA playsa significantrole in
determining
1

the energy levels of nucleotides and the
structure.! 11 The

�
transformationof DNA structurehas been

correlated/ to the p2 H
3

of the buffer. In this RapidCommuni-
cation,/ we modelsomeaspectsof structureandenvironment
that
�

influencecharge transportin dry DNA.

I. MODEL AND METHOD

The systemmodeledis a single-strandB-DNA molecule,
which4 hasten basesper turn with a distanceof 3.38 Å be-
tween
�

consecutivebases.We consideredtwo cases.In case
A,5 only thenucleicacidsareincludedwith anH atomtermi-
nation of the base.For two basesthere are six degreesof
freedom,
6

which leadto a very largenumberof possiblecon-
formations.
6

We calculatethe changein transmissionprob-
ability� through an infinite poly7 G( 8 DNA moleculedue to
change/ in two of thesedegreesof freedom:rise9 : the

�
distance

between
 

bases; and� twist< = angle� betweenconsecutivebases> .
The coordinatesof the moleculeare generatedby applying
the
�

translationsand rotationsgiven in Ref. 12 to a single
nucleotide.? In caseB

@
,5 the sugar phosphatebackboneand

nucleic? acidsareexplicitly includedwith the structuretaken
from Ref. 12. Hydrationshellsareabsentin our model,and
fluctuationsin DNA conformationdo not exist,asin thecase

of" dry DNA. We considera straightforwardB
@

-DNA model
because
 

thestructureof DNA lying on a substrateis not well
understood.A 13 In the calculationsinvolving the effect of the
counterions/ B cations/ C of" thephosphategroupon chargetrans-
port,& the backboneandcounterionsarebothconsidered.The
location of the counterionsare determinedby the energy
minimization14 of" a one-phosphatetwo-sugarmodel of the
DNA
,

backbone.
The
�

transmissionthroughthemoleculeis computedusing
a� Green’s-functionframework.15 A block tridiagonalmatrix
representationof the Hamiltonian,with interactiononly be-
tween
�

nearest-neighborbasesis included to compute the
transmission.
� 16 In

D
constructingthe block-tridiagonalHamil-

tonian
�

for theextendedsystem,we follow thework of Gazdy
et$ al.,5 17 which4 is basedon the Hamiltonian obtainedfrom
calculations/ on dimers or trimers. Such a calculation has
been
 

carriedout in thecontextof theDNA by Ye andJiang.18

Our
E

calculationson dimers,along the DNA chain to obtain
the
�

Hamiltonian/Fock matrix18 are� performed using the
B3L
F

YP exchange-correlationfunctional19,20 in
G

density-
functional
6

calculationsusing GAUSSIAN98.14 The
�

basis set
usedA herecorrespondsto 6-21G. More diffuse or complete
basis
 

setsaffect our resultslittle.
Thetransmissionthroughthemoleculeis computedusing

the
�

following expression:15 T(
H
E)
I J

tr(
� K

LG
( rL M

RG
( aN )I . In this

equation,O G
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U

s
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�
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Y
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G
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�
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�

Hamiltonian,S
e
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�
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�
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, wheregm L

g
(
P
R
h

)
QrL is theretardedsurfaceGreen’s

function of the left s rightt lead, HDNA- L(
P
R)
Q representsthe

coupling/ between the DNA and the left u rightv contact,/
HL(
P
R)
Q
-DNA w HDNA- L(

P
R)
Q† ,5 and Im x xy z representsthe imaginary

part& of xy .

II. RESULTS

The highestoccupiedmolecularorbital { HOMO| and� the
lowest unoccupiedmolecular orbital } LUMO ~ of" a nucle-
otide" primarily lie on the bases.Hence it is believedthat
transport
�

in native DNA occurs primarily along the base
pairs,& andthe backbonedoesnot play a role apartfrom pro-
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viding� mechanicalstability to thestructure.21
�

Figure1 corre-
sponds! to the variation of transmissionwhen the rise of a
B-DNA is decreased� model A)

I
. When this distanceis de-

creased/ from theregularvalueof 3.38Å, themaineffect is a
broadening
 

of the conduction channels. Physically, the
broadening
 

occursdue to an increasein the hybridization
between
 

the � orbitals" of guanine.An increaseof the rise�
distance
1

between consecutivebases� causes/ a shift and
sharpening! of the channel,becausethe hybridization be-
tween
�

the � orbitals" of neighboringbasesis now diminished.
Energetically, the decreaseof the distancebetweennearest-
neighborbasesby 0.28 Å producesan increasein the total
enerO gy of only 0.14eV for a two-basesystem.Thus,evenif
this
�

conformationis energetically higher, it may be encoun-
tered
�

in specificconditions.Also, it may be possibleto per-
form experimentswhereDNA lying betweencontactscanbe
stretched! as in recentexperimentswith carbonnanotubes.22

Broadening
F

of the HOMO transmissionwindow is alsoseen
when4 the twist angleis decreasedfrom its regularvalue of
36°
� �

Fig. 2� ,5 as recentlyfoundby Di Feliceet$ al. in Ref. 23.
In
D

the absenceof strain, the width of the HOMO transmis-
sion! channelis 370 meV � Fig.

�
1� ,5 which correspondsto an

average� nearest-neighborhoppingstrengthbetweenbasesof
nearly90 meV. Changingthetwist anglefrom 36° to 30° and
0°
�

changesthe width of the HOMO transmissionchannelto
270
�

meV and1.07eV, respectively� Fig.
�

2� .
W
�

e now considerthe effect of counterionsusing a DNA
strand! with the backboneincluded � model� B

@
)
I
. One param-

eterO that is not well characterizedin most of the transport
experimentsO on DNA is its closeenvironment.It is only very
recentlyR that a combinedtheoreticalandexperimentalstudy
has
0

pointed out the possibleimplications of the backbone
with4 its close environmentin hole transport.24 Indeed, a
DNA moleculein a salinesolutionis surroundedby a cloud
of" ionic speciesdue to the presenceof a negativecharge
mainly� located on one of the oxygens of the phosphate
group.� Measurementsof currentby physicistsinvolves dry
DNA. In dry DNA, where are the cations and hydration

shells! located?Is a hydration shell necessaryor can it be
avoided� all together?Thesequestionsaredifficult to answer
at� this initial stageof the field. The answerwill probably
come/ from an interplay of high-resolutionscanningtunnel-
ing
G

microscope/atomicforce microscopemeasurementsand
modeling,which is well beyondthe scopeof our work. Our
modelstudyheremakessimpleassumptionsaboutthe loca-
tion
�

of the cationswithout a hydrationshell, to first under-
stand! what happensin this idealistic limit. As is shownbe-
low, even this ideal limit is interesting.We find that the
cations/ havetwo main influenceson conduction:�

a�   T
�

ransportcould occurvia a channelcomposedof cat-
ions.
G

The resultsdo not dependsignificantlyon the distance
of" the cation from the phosphategroup as long as it is be-
tween
�

2.3and2.8Å ¡ distance
1

to thenearestoxygen¢ ,5 andthe
cations/ areplaceduniformly alongthe backbone.£

b
 ¤

Cations
�

affect the on-sitepotentialof the bases,and
hence
0

alterconductancethroughthebasessubstantially. Spe-
cifically/ , nonuniformityin cationtype could leadto a reduc-
tion
�

in conductancethrough the bases.We have presented
resultsfor the decreasein transmissionwhena singlecation
is
G

replacedor removed.
W
�

e discuss¥ a� ¦ and� § b ¨ now? . We comparethe influenceof
hydrogen,hydronium,andsodiumcounterionson the trans-
mission� of electronsthrougha poly© G( ª strand.! The charge
transfer
�

from thecounterionto thephosphategroupis found
usingA Mulliken populationanalysisto be0.42,0.80,and0.60
for
6

thecasesof H, H3
% O,
E

and,Na respectively. In thecaseof
H and H3

% O,
E

we find that the HOMO and LUMO channels
are� still on thebaseandsoconductionwould occurprimarily
through
�

the base.In the calculationswith Na, we find that a
conduction/ channeloccursin theHOMO-LUMO gap « of" the
structure! without the sodium¬ . This channel is due to an
emptyO bandand correspondsto the LUMO of the structure
with4 Na. Figure3 showsthe plot of transmissionversusen-
erO gy with Na counter-ions.The local densityof statesat the
Sodium
�

atom  not shown® further provesthat this channel¯
located
Y

at ° 2.6
�

eV± is
G

dueto thesodiumatoms.That is, the
phosphate& groupactsasa templatefor a helicalwire consist-

FIG.
²

1. Transmissionvs energy for differentdistancesbetween
consecutivebasesof a poly³ G ´ DNA moleculewithout backbone.
Thesolid line correspondsto a riseof 3.38Å, thedashedline to 3.1
Å, andthe dottedoneto 3.5 Å. The insetcorrespondsto the linear
responseconductanceat T

µ ¶
298
·

K.

FIG. 2. Transmissionvs energy for different twist anglesbe-
tweenconsecutivebasesof a poly̧ G

¹ º
DNA



moleculewithout back-
bone.Solid line, »½¼ 0°, dashedline: ¾½¿ 30°.Theinsetcorresponds
to the linear-responseconductanceat T À 298 K.
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ing
G

of sodiumatoms,conductionthroughwhich givesrise to
this
�

channel.We havealsoverified that the transmissionob-
tained
�

by replacingthecombinedsystemof phosphategroup,
sugar! , and baseby OH at the location of the phosphate
groups� leadsto the occurrenceof theseconductionchannels
due
1

to the sodiumwire. The aboveresultsindicatethat de-
pending& on the locationof theFermienergy, thecounterions
of" the phosphategroupcould play a role in determiningthe
conductance./ We also find that potassiumand lithium also
show! the abovefeatureof creatinga channelin the HOMO-
LUMO gapof the structurewithout theseatoms.

W
�

e now presentresultsfor theinfluenceof morethanone
ionic
G

speciesin the backbone.Experimentally, we expect
variation� in both the type andlocationof the counterionsin
dry
1

DNA. We considera systemwith a chain of sodium
counterions,/ where a single sodium atom is replacedby
H3
% O.
E

The main effect of the H3
% OE counterionis to shift the

HOMO andLUMO of thebaseclosestto it, relativeto other
bases
 

with a sodiumcounter-ion. The transmissionprobabil-
ity
G

throughsucha systemis shownin Fig. 3 Å dashed
1

lineÆ .
The decreasein transmissionover relevant energy ranges
near the HOMO and LUMO is significant.As a result, we
expectO the conductanceof a DNA strandwith fluctuationin
the
�

type of counterionsto be significantlyalteredcompared
to
�

a strandwith uniformly placedcounter-ions.We alsofind
that
�

theshift in theenergy levelsdueto H3
% OE Ç with4 respectto

sodium! È is around150 meV, which is comparableto the hy-
bridization
 

energy betweennearestneighborguanines.Thus,
a� randomsequenceof counterionsalongthebackbonewould
eventuallyO tendto localize the electronwavefunction along
the
�

bases.25

The principle of complementaritybetweenbasesand the
ability� to designarbitrarysequenceshasgeneratedinterestin
DNA
,

basedelectronics.Inspiredby this,we havestudiedthe
possibility& of intrinsic resonanttunneling in DNA strands.
The underlyingstructurein resonanttunnelingis a quantum
well4 connectedto the continuumby two barriers.Motivated
by
 

the fact that guaninehasa lower ionization energy than
thymine,
�

we considerthe following two strands,which are

seemingly! symmetric, polyÉ G( Ê TGGGGGGTpoly& Ë G( Ì and�
poly& Í G( Î TGGGTpoly& Ï G( Ð . We expectthe thyminesto com-
prise& a barrierandthe guaninesin betweento form a quan-
tum
�

well. Threeandsix cleartransmissionresonancesdueto
hybridization
0

of the guaninesare seenin Fig. 4. The trans-
missionprobability througha systemwith symmetricbarri-
ersO shouldpeakat unity. Interestingly, thebarrierscreatedby
the
�

thymineshavea small asymmetry, becausethe overlap
HamiltoniansbetweenG

(
and� T in Ñ 5Ò Ó GT

(
3
� ÔÖÕ

and� × 5Ò Ø TG3
� ÙÖÚ

are� not thesameÛ these
�

structuresarenot geometricallyiden-
tical
�

dueto rotationof basesalongtheDNA helixÜ . However,
as� the asymmetryis mild, the transmissionis closeto unity.
Next,
Ý

we consider a polyÞ G( ß TTGGGT
à

poly& á G( â strand,!
which4 hasa much larger asymmetryin the barrierscreated
by
 

the thymines.Here,we find thatwhile the locationof the
transmission
�

resonanceshas not changedsignificantly, the
peak& valuesaresmallerthan0.2 ã insetof Fig. 4ä . It is noted
that
�

suchresonanttunnelingbehaviormay be observablein
an� experimentwherethe Fermi energy throughthe DNA is
modified� by applyinga gatevoltage,or in experimentslook-
ing at currentas a function of the appliedbias betweenthe
source! anddrain terminals.

W
�

e now briefly discusstwo aspectsthat have been ig-
nored? in the previousdiscussion—thelocationof the Fermi
level andelectrostatics.Reliably computingthe Fermi level
of" moleculesconnectedto electrodeshasprovedto bea chal-
lenging
Y

problem,becausecharge transferbetweenthe mac-
roscopicR contactsandthe moleculesshouldbe preciselyde-
termined.
�

For a largemoleculesuchasDNA, it might bebest
to
�

usevaluesthatcanbeinferredfrom experiments.A recent
interesting
G

experiment26 finds
å

that the Fermi energy in
poly& æ G( ç -polyè C é and� polyê A ë -polyì T í moleculeslie closer
to
�

the HOMO (p2 -dopedî and� LUMO (nï -dopedð channels,/
respectively. Experimentsthat involve an electrostatically
coupled/ gateelectrodehavea significantadvantage,because
the
�

Fermi energy canbe tunedfrom the HOMO bandto the
LUMO
ñ

bandin a controlledmanner.27

FIG. 3. Transmissionvs energy for a polyò G ó B-DNA sur-
roundedby periodically placedNa ions ô solid lineõ , and when a
local ion mismatch is createdby replacing one Na by a H3

ö O÷
dashedlineø .ù

FIG. 4. Transmissionvs energy for polyú G û TGGGTpolyü G ýþ
dashedÿ and� poly� G¹ � TGGGGGGT

µ
poly � G¹ ��� solid� double-

�
barrier resonant tunneling structures. Inset: Symmetrical
poly� G � TGGGTpoly	 G 
 � dashed

� �
and asymmetrical

poly G � TTGGGTpoly� G ��� solid� sequences.�
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Our
E

assumptionof neglectingself-consistencyfor long
strands! is strictly not correct,asthe potentialprofile will be
determined
1

by long-rangecharge transfer. In our calcula-
tions,
�

charge transferis accuratelyaccountedfor only in the
Fockmatrix of thesubsystem.We haveverifiedthatexpand-
ing the subsystemfrom two to threebasesdoesnot signifi-
cantly/ affect our results.Also, self-consistentcalculationsto
determine
1

the fraction of voltagedrop acrossthe DNA and
contacts/ are important in understandingthe mechanismof
current/ flow at finite voltagebiasesbut is beyondthe scope
of" this RapidCommunication.

In
D

conclusion, we numerically study the transmission
properties& of dry poly� G( � DNA.

,
Changeof the distance�

riseR � and� angle � twist
� �

between
 

the basesfrom its regular
value� for B-DNA leadsto a shift andchangein width of the
transmission
�

window. Some ionic speciessuch as sodium
could/ create improved conductionchannels.More impor-
tantly
�

, we haveshownthat the variation of ionic speciesin

the
�

backbonecan causea significantreductionin transmis-
sion! throughthe bases.Finally, we explorethe possibility of
resonantR tunneling in engineeredDNA structuresand find
that
�

it maybepossibleto observeintrinsic resonanttunneling
in a systemcomposedof guanineandthymine.
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